Gao Z, Xing J, Sinoway L, Li J. P2X receptor-mediated muscle pressor reflex in myocardial infarction. Am J Physiol Heart Circ Physiol 292: H939 -H945, 2007. First published September 29, 2006; doi:10.1152/ajpheart.00911.2006.-A previous report from this laboratory demonstrated that the ATP-sensitive P2X receptor-mediated muscle pressor reflex was augmented in rats with heart failure (HF). The purpose of this study was to better understand the underlying mechanisms for this greater response in HF rats. We examined 1) responsiveness of the P2X receptor to ␣,␤-methylene ATP (␣,␤-me-ATP), a P2X receptor agonist, in control and HF rats induced by myocardial infarction (MI); 2) the relationship between P2X-induced blood pressure response and left ventricular (LV) function; and 3) the expression of P2X receptors in the dorsal root ganglion (DRG) of control rats and rats with HF. Eight to 14 wk after coronary artery ligation, the severity of the MI was determined by echocardiography. In the first group of the experiment, ␣,␤-me-ATP (0.0625, 0.125, 0.25, and 0.5 mM) was injected into the arterial blood supply of the hindlimb muscles to evoke a pressor response in 17 decerebrated rats (6 controls, 6 small MIs with infarcts of the LV between 10 and 35%, and 5 large MIs with infarcts Ͼ35%). The P2X agonist increased blood pressure, and the effect was significantly accentuated in large MI rats compared with small MI rats and control rats. A significant correlation was observed between ␣,␤-me-ATP-evoked pressor response and the LV fractional shortening, an index of LV function. In the second group of the experiment, immunocytochemistry was used to examine the immunoreactivity of P2X receptor in the DRG neurons of small diameter fibers in six healthy control rats, five small MI, and five large MI rats. The percentage of P2X immunostaining-positive neurons in the DRG was markedly greater in large MI rats (52% vs. 29% in controls and 34% in small MIs, P Ͻ 0.05). In conclusion, our findings demonstrate that 1) muscle afferent-mediated pressor response of P2X activation was exaggerated in MI animals, and the responsiveness was related to the degree of LV dysfunction; and 2) augmented reflex response was associated with upregulated P2X receptors in the DRG neurons of thin fiber afferent nerves following MI. The data suggest that P2X-mediated responsiveness in the processing of muscle afferent signals may have important implications for understanding cardiovascular responses to exercise in HF.
exercise pressor reflex is a mechanism whereby signals from skeletal muscle group III (predominately mechanically sensitive) and group IV (predominately metabolically sensitive) afferents likewise evoke increases in blood pressure and HR via coordinated changes in autonomic outflow (22, 23, 38) . This system responds to metabolic stimulation (i.e., "metaboreceptor" stimulation) as well as to mechanical deformation of the muscle afferent receptive field (i.e., "mechanoreceptor" stimulation). When these receptors are stimulated, thin-fiber muscle afferent nerves are engaged, cardiovascular circuits in the brain stem are activated, sympathetic activity increases, and blood pressure rises (38) .
The autonomic adjustments to exercise in heart failure (HF) are poorly understood. It has been reported that during static handgrip, the metaboreceptor contribution to muscle sympathetic nerve activity is diminished, but the overall muscle sympathetic response in HF is preserved (51) . These results suggest that a neural mechanism(s), aside from metaboreceptor engagement, must be activated to a greater extent in HF. Subsequent studies have suggested that mechanosensitive afferents may contribute to a greater degree in HF subjects than in controls (34, 36, 37, 41) .
Purinergic P2X receptors, ligand-gated ion channels that are activated by extracellular ATP, are selectively expressed in small-and medium-diameter sensory neurons (5, 10, 54, 55) and are responsible for activation of sensory afferent nerves (1, 3, 4, 8, 20) . With regard to the P2X receptor-mediated sensory processing of muscle afferents, previous studies have shown that activation of P2X receptors on the nerve endings of muscle afferents plays a role in mediating the autonomic adjustments to active muscle (16 -18, 29) .
On the basis of these data, the sensitizing effects of P2X stimulation on muscle mechanoreceptor responses were examined in rats with HF due to chronic myocardial infarctions (MI) (28) . The results showed that stimulation of P2X receptors by ␣,␤-methylene ATP (␣,␤-me-ATP) enhanced the pressor response to muscle stretch by 42% in control animals and by 72% in rats with MIs, suggesting that alternations P2X receptors on muscle afferent nerves influence the processing of sensory information in this disease.
Therefore, in this report, we further examined responsiveness of the P2X receptor to ␣,␤-me-ATP as well as P2X-receptors expression in the DRG in healthy control rats and rats with HF. It was hypothesized that P2X activity and its expression in the dorsal root ganglion (DRG) neurons would be altered in rats with MI. First, ␣,␤-me-ATP in four different concentrations was injected into the arterial blood supply of the hindlimb muscles to stimulate P2X receptors on afferent nerves in control and MI rats. The reflex pressor response to P2X receptors and the relationship between the response and the severity of left ventricular (LV) dysfunction were determined. Second, immunocytochemical methods were used to identify the P2X receptors on the small diameter DRG neurons of control and MI rats. The number of the DRG neurons with positive P2X receptor was determined. The DRG cells innervate sensory afferent nerves. Thus P2X receptor expression in the DRG cell body was used to reflect its appearance in the nerve endings (44, 55) . A preliminary report of this study has been presented previously (13) .
METHODS
All procedures outlined in this study were performed in compliance with the rules and regulations described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the Animal Care Committee of this institution.
Coronary artery ligation. Male Sprague-Dawley rats (160 -200 g) were anesthetized by inhalation of an isoflurane-oxygen mixture (2-5% isoflurane in 100% oxygen), intubated, and artificially ventilated. A left thoracotomy between the fourth and fifth ribs was performed, exposing the LV wall. The left coronary artery was ligated (28) . Experiments were performed 8 to 14 wk after coronary ligation.
Age and body weight-matched rats served as controls. Transthoracic echocardiography was performed 1 to 2 wk before the experiments (28) . The rats were anesthetized by inhalation of an isofluraneoxygen mixture. The transducer was positioned on the left anterior chest, and LV dimensions were measured.
Examination of cardiovascular responses to arterial injection of ␣,␤-me-ATP. The rats (6 controls; 6 small MIs, and 5 large MIs) were anesthetized by inhalation of an isoflurane-O 2 mixture (2-5% isoflurane in 100% O2). An endotracheal tube was inserted and attached to a ventilator (model AWS, Hallowell EMC). Polyethylene (PE-50) catheters were inserted into an external jugular vein and the common carotid artery for drug administration and measurements of arterial blood pressure, respectively. A continuous infusion of physiological saline (0.1 ml/h) into the jugular vein was established by using a syringe pump (Medical Industries). This maintained fluid balance and basal blood pressure (27, 28) . The femoral arteries and arterial collaterals were carefully isolated in both hindlimbs. An incision was made in each femoral artery. A PE-10 catheter was inserted into the femoral artery for injections into the arterial blood supply of the hindlimb muscles of each leg, as previously described (27, 28) . The skin covering the triceps surae muscle and femoral region was surgically separated from the muscle below to eliminate inputs from cutaneous afferents in the hindlimb.
The animals were artificially ventilated, and tidal CO 2 was monitored by a respiratory gas monitor (Datex-Ohmeda, Madison, WI) and maintained within normal ranges, as previously described (27, 28) . Body temperature was continuously monitored with a rectal thermometer (series 400, Yellow Springs Instruments) and maintained at 37.5-38.5°C by a heating pad and external heat lamps.
Arterial blood pressure was measured by connecting the carotid arterial catheter to a pressure transducer (model P23 ID, Statham). Mean arterial pressure (MAP) was obtained by integrating the arterial signal with a time constant of 4 s. Heart rate (HR) was determined from the arterial pressure pulse. All measured variables were continuously recorded on an eight-channel chart recorder (model TA 4000, Gould, Valley View, OH) and stored on an iMac computer that used the PowerLab system (ADInstruments, Castle Hill, Australia).
Decerebration was performed as previously described (27, 28, 50) . A transverse section was made anterior to the superior colliculus and extending ventrally to the mamillary bodies. The brain rostral to the section was then removed. This approach afforded the opportunity to examine the effect of arterial injection of ␣,␤-me-ATP on blood pressure without considering the confounding effects of anesthesia. Once the decerebration was complete, anesthesia was removed from the inhaled mixture. A recovery period of 60 min after decerebration was employed to allow sufficient time for elimination of the effects of anesthesia gas from the preparation.
Sixty minutes after decerebration, ␣,␤-me-ATP (0.0625, 0.125, 0.25, and 0.5 mM, dissolved in saline; Sigma) was administered into the hindlimb muscles via the femoral artery. The protocol was performed in both legs in some of this study. The injected volume was adjusted to 0.15-0.25 ml according to animal's body weight. The duration of injections was 1 min. At least 20 min were allowed between the injections. At the end of the experiments, the sciatic nerve was cut, and the injection of 0.25 mM of ␣,␤-me-ATP was repeated to confirm that the response was due to stimulation of afferents within the hindlimb (29) .
On completion of each experiment, a Millar catheter was inserted into the right carotid artery and was threaded into the left ventricle for measurement of LV end-diastolic pressure. The heart was excised after intravenous injection of an overdose of pentobarbital sodium (120 mg/kg) followed by 2 ml of a saturated solution of KCl, and myocardial infarct size was estimated (6) . Briefly, the left ventricle was pressed flat. The circumference of the entire flat left ventricle and visualized infarcted area was outlined on a transparent paper sheet. The difference in weight between the two marked areas on the sheet was used to determine the size of MI that was expressed as percentage of left ventricle surface area.
Immunocytochemistry. Male Sprague-Dawley rats (6 controls, 5 small MI, and 5 large MI) were anesthetized and then were transcardially perfused with 200 ml of ice-cold saline containing 1,000 U heparin followed by 500 ml of 4% fresh ice-cold paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4).
The L4 -L6 DRG were removed quickly and postfixed for 2 h in the same fixative solution in a refrigerator (4°C). The tissues were then transferred into 30% sucrose and stored overnight at 4°C. Sections (35 m) were then cut. After being rinsed in PBS and 5% hydrogen peroxide, the sections were transferred into the mixture of PBS, Triton X-100, and normal goat serum (PBS-TX-NGS) for 60 min at room temperature. To label P2X 3 receptors, the sections were incubated with rabbit anti-P2X3 receptor (1:1,250 diluted in PBX-TX-NGS, Neuromics Antibodies) for 48 h at 4°C as the process of the primary antibody. In the process of secondary antibody, the sections were removed from the primary antibody and rinsed twice in PBS for 10 min and PBS-TX-NGS for 20 min. Then, at room temperature, the sections were incubated in biotinylated goat anti-rabbit IgG (1: 200, Vector Kit) for 60 min, washed in PBS three times for 10 min, and incubated with ABC solution (1:50, Vector Kit) for 30 min. The P2X reaction product was made visible by incubating the section with hydrogen peroxide and diaminobenzidine. The tissues were then rinsed in distilled water, mounted on slides from the PBS, and air-dried overnight at room temperature. Subsequently, the sections were dehydrated in ascending alcohol and xylene baths. Slides were then coverslipped. Sections were examined under a light microscope. P2X reaction product appeared as dark brown staining in the DRG tissue.
The images of all DRG sections from each rat were taken using a digital camera (7M pixels, Nikon 880). The muscle pressor reflex is mediated via the thin fiber afferent nerves. It has been reported that P2X receptors are selectively expressed in small-and medium-diameter sensory neurons (44, 45, 55) . Thus neurons with diameter of Ͻ25 m were selected to count, and maximum optical densities and areas were determined using Adobe Photoshop (52) . Background was determined by averaging the maximum optical density of five random areas. Cells with Ͼ1.75 times of maximum optical density of background were considered to be positive (21, 42) .
Data acquisition and analyses. MAP and HR were continuously recorded on an eight-channel chart recorder; these variables were also sampled by an iMac computer that was equipped with a PowerLab data-acquisition system. Control values were determined by analyzing at least 30 s of the data immediately before the arterial injections. The peak response of each variable was determined by the peak change from the control value.
Experimental data (MAP and HR) were analyzed by using one-way repeated-measures ANOVA. As appropriate, Tukey's post hoc analyses were utilized to determine differences between groups. The number of cells labeled with P2X was analyzed by an unpaired t-test. Values are means Ϯ SE. For all analyses, differences were considered significant at P Ͻ 0.05. All statistical analyses were performed by using SPSS for Windows (version 11.5, SPSS, Chicago, IL).
RESULTS
Rats with MI size comprising Ͻ35% and Ͼ35% of the LV area were characterized as "small" and "large MI" groups, respectively. Rats with large MIs showed increases in heart weight, LV end-diastolic pressure (Table 1) , and LV diastolic dimension (Table 2) .
␣,␤-Me-ATP-induced cardiovascular responses in control and MI rats. Baseline values for MAP and HR before arterial injections of ␣,␤-me-ATP are presented in Table 3 . There were no significant differences in basal MAP and HR before injections in the control (n ϭ 6), small MI (n ϭ 6), and large MI (n ϭ 5) groups. Figure 1 illustrates the effect of increasing concentrations (0.0625, 0.125, 0.25, and 0.5 mM) of ␣,␤-me-ATP on MAP and HR responses in control and MI groups. Arterial injection of ␣,␤-me-ATP evoked a dose-related increase in MAP. The reflex pressor response was significantly greater in larger MI rats than that in the small MI and control rats (Fig. 1) . The HR response to ␣,␤-me-ATP tended to be higher in MI, but there were no significant differences in the HR response among three groups (Fig. 1) .
As the sciatic nerve was intact, 0.25 mM of ␣,␤-me-ATP increased MAP and HR by 25 Ϯ 2 mmHg and 6 Ϯ 2 beats/min, respectively. The responses were 4 Ϯ 1 mmHg (P Ͻ 0.05, vs. without cutting the nerve) and 4 Ϯ 2 beats/min after section of the sciatic nerve. This confirms that the pressor response was due to stimulation of afferents within the hindlimb (29) .
Relationship between ␣,␤-me-ATP-induced reflex response and LV systolic function. Changes in MAP in response to femoral arterial administrations of ␣,␤-me-ATP were plotted against fractional shortening (FS, an index of LV systolic function). A significant correlation was observed between the pressor responses to ␣,␤-me-ATP and FS. As presented in Fig. 2 , at all of the concentrations examined, the MAP response was inversely related to the FS in a linear fashion. Thus the greater pressor response to ␣,␤-me-ATP occurred in rats with more severe LV dysfunction, which was indicated by the lower FS value.
P2X 3 receptor expression in the DRG in control and MI rats.
Previous studies have shown that P2X 3 receptors are selectively expressed in small-diameter sensory neurons (5, 25, 54, 55) . Thus, in this study, the DRG neurons of small diameter were examined, and neurons labeled with P2X 3 immunostaining were counted for comparison among three groups. Immunoreactivity of P2X 3 receptor proteins were highly localized in the cell body of the DRG (Fig. 3, A and B) , as reported previously (54, 55) . Furthermore, when compared with control rats and small MI rats, a greater percentage of P2X 3 immunostaining-positive neurons in the DRG were seen in large MI rats (52%, P Ͻ 0.05 vs. 29% in controls and 34% in small MIs; Fig. 3C ). A photograph also shows more P2X 3 -positive neurons in the DRG of a large MI rat compared with a control rat (Fig. 3, A and B) .
DISCUSSION
There is increasing evidence to support the concept that ATP-sensitive P2X receptors play a role in evoking mechanoand metaboreceptors-mediated stimulation of the exercise pressor reflex. Previous studies have shown that 1) ATP is increased in the interstitium of contracting muscle (19, 26, 40) , Values are means Ϯ SE. ␣,␤-me-ATP, ␣,␤-methylene-ATP; MAP, mean arterial pressure; HR, heart rate. There is no significant difference in basal values among the groups.
where the free nerve endings of group III and group IV afferents reside in mediating the pressor response to muscle contraction (22, 23) ; 2) ␣,␤-me-ATP selectively stimulates those slowly conducting thin fiber afferent nerves (17); 3) stimulation of P2X receptors in the cat hindlimb initiates a reflex that causes a rise in blood pressure and ATP enhances mechanoreceptor-mediated cardiovascular responses via stimulation of P2X receptors (16, 29) ; and 4) the pressor response seen with static hindlimb contraction is attenuated after blockade of P2X receptors (18) . It is known that in HF, the muscle mechanoreceptor contribution to the sympathetic nerve response to exercise is augmented (36, 37, 41, 51) . Stretchinduced mechanoreflex is enhanced after administration of ␣,␤-me-ATP into rat hindlimb muscles to stimulate P2X receptor, and the effect is promoted in large MI animals (28) . In agreement with the previous findings, the results from the present report provide additional evidence for the role P2X plays in sympathetic abnormalities in HF by demonstrating that P2X receptor-mediated pressor response is exaggerated in MI animals. Moreover, the greater response to activation of PX receptor is related to the severity of LV dysfunction. In addition, for the first time, the present study demonstrates that HF induces upregulation of P2X receptors in the DRG.
An enhancement in the P2X receptor in the DRG of MI rats should be first considered to be responsible for the greater pressor response to ␣,␤-me-ATP in HF. The intrinsic mechanism responsible for the P2X receptor alternations in rats with MI is not clear. There are several possibilities to be considered as explanations for our findings, including alterations in ATP level in the muscle interstitium and muscle temperature in addition to altered P2X receptor expression in the DRG.
Data have been published demonstrating that interstitial adenosine and adenine nucleotides (ATP, ADP, and AMP) levels are elevated in humans during graded knee extensor exercise in human subjects (19) . It has also been reported that muscle contraction induced by electrical stimulation of the peripheral end of the obturator nerve increases interstitial adenosine and adenine nucleotides concentrations in dogs (40) . A previous report from this laboratory further suggests that contraction of skeletal muscle induced by electrical stimulation of the ventral roots causes a significant increase in dialysate ATP concentrations, and the increase in ATP is linearly related to muscle tension (26) . In HF patients, circulating adenosine concentrations are elevated and are correlated with disease severity (11) . ATP is degraded into ADP, AMP, and adenosine by ecto-nucleotidases. Thus the elevation of plasma adenosine in HF may reflect increased muscle interstitial ATP levels. Greater ATP levels upregulate P2X receptors on thin afferent nerves (57) , and this could lead to the greater level of mechanoreceptor activity that has been described in HF (28, 36, 37, 41, 49, 51) . The data from the present study demonstrate that the pressor response to arterial administration of ␣,␤-me-ATP is greater in large MI rats than that in controls and small MI rats. Difference in ATP levels may not be the only explanation for the augmented muscle mechanoreflex seen in HF. It is also possible that metabolic changes in the muscle interstitium alter the sensitivity of mechanically sensitive afferents. For example, it has been shown that changes in lactate concentrations can alter group III afferent discharge during muscle contraction (48) . Whether an increase in interstitial lactate or H ϩ as seen in HF can alter P2X receptor activity will require additional investigation.
It has been reported that P2X receptors are temperature sensitive, and P2X activity increases as temperature falls (14, 58) . Recently, we have reported that the effect of P2X receptor on reflex muscle response is sensitive to alternations of muscle temperature (12) . This study further suggests that elevated muscle temperature attenuates the pressor response to static muscle contraction. Muscle temperature tends to be lower in HF patients than that in controls in human studies (46) . Thus a lower muscle temperature in HF could contribute to the enhanced P2X activity. A mechanism by which muscle temperature alters P2X receptors in the DRG remains to be determined.
There are seven P2X receptor subtypes (P2X 1-7 ) with different tissue distributions (7, 24, 43) . Among these subunits, P2X 3 receptors are selectively expressed in small and medium diameter of sensory afferent neurons in rats (44, 45, 55) . Also, P2X 3 receptors have been localized at the central and peripheral terminals of these neurons, as well as in the cell body in the DRG (2, 31) . P2X receptor expression in the DRG cell body has been used to reflect its appearance in the nerve endings (44, 55) .
Therefore, in this study, we focused on the P2X 3 receptors in the DRG neurons of small diameter (Ͻ25 m). Our results from immunocytochemical studies have revealed the presence of P2X 3 receptor protein in the cell body of the DRG. To our knowledge, for the first time, the present study offers the evidence for overexpression of P2X 3 receptor in the DRG cells of MI animals. This provides additional evidence that the heightened P2X activity is associated with the augmented muscle mechanoreflex in HF. The P2X upregulation in the DRG of HF may have a pathophysiological implication for abnormal autonomic regulation in the development of this cardiovascular disorder.
Study limitations. First, the skin covering the triceps surae muscle and femoral region was surgically separated from the muscles below in this experiment. This procedure could eliminate inputs from cutaneous afferents in the hindlimb. Thus ␣,␤-me-ATP injections were unlikely to stimulate skin afferents. However, it cannot be ruled out that ␣,␤-me-ATP injection stimulated afferents from joints in the hindlimb to contribute the pressor response. Second, the DRG cells identified as having the P2X3 receptor protein in this experiment may innervate skin and joints as well as hindlimb skeletal muscle.
In summary, the data from the present study demonstrate that P2X receptor-mediated reflex responses are augmented in MI animals compared with healthy control animals, and the magnitude of the pressor response by P2X stimulation is greater as the severity of LV dysfunction is increased. Congestive heart failure induced by MI upregulates P2X receptors in the DRG. This investigation provides evidence for the role P2X plays in overactivity of exercise pressor reflex in HF.
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